Senescence is generally defined as an irreversible state of G1 cell cycle arrest in which cells are refractory to growth factor stimulation. In mouse embryo fibroblasts (MEFs), induction of senescence requires the presence of p19 ARF and p53, as genetic ablation of either of these genes allows escape from senescence and leads to immortalization. We have developed a lentiviral vector that directs the synthesis of a p53-specific short hairpin transcript, which mediates stable suppression of p53 expression through RNA interference. We show that suppression of p53 expression in senescent MEFs leads to rapid cell cycle re-entry, is associated with loss of expression of senescence-associated genes and leads to immortalization. These data indicate that senescence in MEFs is reversible and demonstrate that both initiation and maintenance of senescence is p53-dependent.
INTRODUCTION
Most primary mammalian cells have a limited ability to proliferate in tissue culture (1, 2) . After a variable number of cell divisions, primary cells will undergo what is believed to be an irreversible form of growth arrest in the G1 phase of the cell cycle and become refractory to further growth factor stimulation (3) (4) (5) . In this state of growth arrest, referred to as senescence, cells adopt a typical large and flat morphology and express a number of senescence-associated markers, including senescence-associated β-galactosidase, Plasminogen Activator Inhibitor-1 (PAI-1) and p21 cip1 (5) .
The triggers for the induction of senescence differ between mouse and human cells. In cultured rodent fibroblasts senescence is thought to result from stress signals generated in response to the inadequate tissue culture environment. This includes supra-physiological oxygen tension, lack of proper extracellular matrix and the liberal administration of bovine growth factors (6,7) (reviewed in (8) and (5)). Indeed, under more gentle and more defined culture conditions, primary mouse cells can be convinced to proliferate for extended periods of time in vitro (9) . Tissue culture stress signals induce expression of a number of anti-proliferative genes, including p16 INK4A and p19 ARF (10, 11) . The induction of p19 ARF appears more relevant than the induction of p16 INK4A , as mouse embryo fibroblasts (MEFs) genetically deficient for p19 ARF are resistant to induction of senescence and readily become immortal (12) , whereas p16 INK4A -deficient MEFs senesce normally (13, 14 These observations have led to the suggestion that premature senescence is part of a fail-safe mechanism that protects cells from oncogenic transformation (22) .
Senescence in human cells differs from senescence in rodent cells in that most primary human cells lack the catalytic component of telomerase, hTERT. As a consequence, in vitro propagation of primary human cells is associated with erosion of the chromosome ends, the telomeres, leading to DNA damage-like antiproliferative signals when telomeres become critically short (23) (24) (25) . Consequently, most human cells require expression of telomerase to overcome this barrier to immortality. However, similar to rodent cells, primary human cells (especially those of epithelial origin) also suffer from "tissue culture stress" and often arrest long before their telomeres are critically short (8, 26 senescence"), whereas the term "senescence" should be used for cells that undergo replicative arrest as a result of DNA-damage signals emanating from short telomeres.
The different names for both forms of senescence suggest that the mechanisms that underlie both processes are distinct. However, the signaling pathways involved and the phenotypic consequences of both forms of replicative arrest are related. For this reason, the study of rodent cell "stasis" is likely to be relevant for our understanding of the signaling mechanisms that underlie replicative ageing of primary human cells in culture.
We describe here a novel vector system to study the genes that are required to maintain senescence. We created a virus that can infect post mitotic cells and direct the synthesis of short hairpin transcripts that mediate post-transcriptional gene silencing through RNA interference. We used this vector system to ask if senescence is a reversible process. 
RESULTS
We have recently described a vector, pSUPER, which mediates highly specific andpersistent RNA interference through stable expression of short hairpin RNAs (28).
We generated a lentiviral derivative of this vector by cloning the H1 RNA short hairpin gene expression cassette targeting murine p53 from pRETRO-SUPER (32) into the self-inactivating lentiviral vector pHIV-CS (29) . We named this vector pLENTI-SUPER-p53 (Fig. 1A) . As a control, we used a lentiviral vector that expresses GFP (HIV-CS-CG (29)). (Figs. 2E, 3A ). All cells in the culture showed a flat senescent morphology and stained intensely for acidic β-galactosidase (Fig. 2E) , indicating that these cells were quantitatively senescent. This notion is also supported by the growth curves of these late-passage MEFs, which showed a constant decline in cell number over time (Fig. 2D) , indicative of the absence of spontaneously-immortalized cells in the culture. Figure 2B and C show that lentiviral knockdown of p53 in these senescent primary MEF cultures triggered a marked degree of proliferation. Importantly, cell cycle re-entry was associated with loss of expression of several of the senescence-associated markers, including PAI-1,
and acidic β-galactosidase (Fig. 3A, B) and senescence-reverted cells continued to proliferate for several weeks without any signs of senescence, suggesting that they had become immortal (Fig. 2B and data not shown) . infection with control lentivirus encoding GFP (data not shown). We conclude that cells with all the hallmarks of fully senescent cells rapidly re-enter the cell cycle after p53 knockdown. We conclude that p53 is not only required to initiate senescence, but is also required, at least in MEFs, to maintain senescence.
DISCUSSION
Using a lentiviral vector system that silences gene expression we provide evidence that suppression of p53 expression in senescent MEFs leads to a reversion of the senescent state and causes immortalization. Several lines of evidence support the notion that the MEFs were fully senescent at the time of infection with the lentiviral p53 knockdown vector. First, the cells had stopped proliferating in the presence of growth factors, indicating that they were senescent and refractory to growth factor stimulation, rather than quiescent and still responsive to growth factors (Fig. 1D) .
Second, they uniformly manifested a senescent morphology and expressed the senescence-associated markers acidic β-galactosidase, PAI-1, p21 cip1 , p19 ARF and p16 INK4a (Figs. 2E, 3A) . When cells emerged from senescence as a result of p53 knockdown, the cells behaved phenotypically as p53 null MEFs in that they were immortal, had low levels of p21 cip1 and high levels of p19 ARF (10, 12, 15) . Importantly, the cells that emerged from senescence by p53 knockdown maintained high levels of p16 INK4a (Fig. 3A) . and black arrows while a division immediately followed by apoptosis is indicated with white arrows.
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